Triple-reassortant swine influenza viruses circulating in North American pigs contain the internal genes derived from swine (matrix, non-structural and nucleoprotein), human [polymerase basic 1 (PB1)] and avian (polymerase acidic and PB2) influenza viruses forming a constellation of genes that is well conserved and is called the triple-reassortant internal gene (TRIG) cassette. In contrast, the external genes [haemagglutinin (HA) and neuraminidase (NA)] are less conserved, reflecting multiple reassortant events that have produced viruses with different combinations of HA and NA genes. This study hypothesized that maintenance of the TRIG cassette confers a selective advantage to the virus. To test this hypothesis, pigs were co-infected with the triplereassortant H3N2 A/Swine/Texas/4199-2/98 (Tx/98) and the classical H1N1 A/Swine/Iowa/15/ 1930 viruses and co-housed with a group of sentinel animals. This direct contact group was subsequently moved into contact with a second group of naïve animals. Four different subtypes (H1N1, H1N2, H3N1 and H3N2) of influenza virus were identified in bronchoalveolar lavage fluid collected from the lungs of the experimentally infected pigs, with most of the viruses containing TRIG from the Tx/98 virus. Interestingly, only the intact H3N2 Tx/98 virus was transmitted from the infected pigs to the direct-contact animals and from them to the second contact group of pigs. These results demonstrated that multiple reassortments can occur within a host; however, only specific gene constellations are readily transmissible. It was concluded that certain HA and NA gene pairs, in conjunction with the TRIG cassette, may have a competitive advantage over other combinations for transmission and maintenance in swine.
INTRODUCTION
Influenza A viruses infect a wide variety of animal species including humans, horses, pigs, dogs, sea mammals and birds. All 16 haemagglutinin (HA) and nine neuraminidase (NA) subtypes of influenza A virus have been isolated from aquatic birds (Alexander, 2000; Fouchier et al., 2005; Webster et al., 1992) , which are thought to be the primary reservoirs for all subtypes of influenza A viruses from which novel viruses can emerge and infect other animal species (Webster et al., 1992) . Influenza A virus, a negativestrand RNA virus in the family Orthomyxoviridae, contains eight RNA segments encoding ten or 11 proteins. The segmented nature of the influenza viral genome provides opportunity for reassortment when two (or more) different influenza viruses infect the same cell or host. Although only three subtypes (H1N1, H3N2 and H1N2) of influenza A viruses are consistently isolated from pigs worldwide, pigs are known to be susceptible to infection with many subtypes of influenza A viruses (Kida et al., 1994) . Because naturally occurring reassortant viruses derived from different host species have been recovered from pigs, they have been considered to be a 'mixing vessel', supporting potential influenza virus reassortment (Scholtissek, 1994) . Involvement of pigs in interspecies transmission of influenza A viruses between birds and humans is at least partially due to their respiratory tract lining epithelial cells having receptors for both avian and human influenza viruses (Ito et al., 1998) . The recent isolation of a unique H2N3 virus from pigs provided direct evidence that swine are able to act as a natural host from which novel influenza viruses may emerge (Ma et al., 2007) .
The first swine influenza virus (SIV) isolate belonging to the H1N1 subtype in the USA was identified in 1930 (Shope, 1931) ; subsequently, a similar virus was isolated from humans (Smith et al., 1933) . This H1N1 swine virus and closely related viruses are designated classical H1N1 (cH1N1) viruses and currently still circulate in swine populations worldwide. With the exception of one isolation of human H3N2 virus from pigs in Colorado in 1977 (Karasin et al., 2000b) , only the cH1N1 virus was isolated from US swine prior to 1998 (Olsen, 2002) . In August 1998, a novel subtype H3N2 virus (doublereassortant H3N2 virus) was isolated from pigs in North Carolina that contained HA, NA and polymerase basic 1 (PB1) genes from human influenza virus origin and the remaining five genes from the cH1N1 SIV origin (Zhou et al., 1999) . Subsequent H3N2 isolates from other states were triple-reassortant viruses containing HA, NA and PB1 genes from human influenza viruses, matrix (M), nonstructural (NS) and nucleoprotein (NP) genes from classical swine viruses, and polymerase acidic (PA) and PB2 genes from avian viruses (Webby et al., 2000; Zhou et al., 1999) . Subsequent reassortments occurred between the H3N2 and the cH1N1 subtypes producing H1N2 (Karasin et al., 2000a) , reassortant H1N1 (rH1N1) (Webby et al., 2004) and H3N1 viruses Ma et al., 2006) . At present, the H3N2, rH1N1 and H1N2 viruses have become endemic, and co-circulate in most major swine-producing regions of both the USA and Canada (Choi et al., 2002; Richt et al., 2003; Webby et al., 2004) . More recently, the introduction of human-like H1 viruses that are genetically and antigenically distinct from the classical swine H1 lineage was identified in pigs in both Canada and the USA (Karasin et al., 2006) , and these viruses have spread among US swine herds (Vincent et al., 2009) . All the successful reassortant SIVs that have become endemic in US swine herds to date contain similar internal genes representing the PA and PB2 genes of avian origin, NS, NP and M genes of classical swine origin, and the PB1 gene of human origin; this has been referred to as the triple-reassortant internal gene (TRIG) cassette Vincent et al., 2008) . This consistent finding suggests that the TRIG cassette can accept multiple HA and NA types and may contribute to a selective advantage over other influenza viruses infecting swine. The 2009 human pandemic H1N1 virus is a reassortant between North American triple-reassortant and Eurasian SIVs and has also been found in pigs in over 20 countries including the USA. Interestingly, this human virus has a modified TRIG, which contains a new M gene of the Eurasian swine lineage (Garten et al., 2009; Smith et al., 2009 ). To date, no studies have been conducted on the role of the TRIG cassette in the production of current endemic SIVs in North American swine herds and how this TRIG cassette affects virus replication and adaptation in pigs. In this study, we used the triple-reassortant prototype, A/Swine/Texas/4199-2/98 (H3N2) (Tx/98), and A/Swine/Iowa/15/1930 (cH1N1) (IA/ 30) SIVs to co-infect pigs that were then exposed to a contact group of pigs, which was subsequently exposed to a second group of pigs, to investigate reassortment between these viruses and to characterize which constellation of viral genes is critical for virus replication and efficient maintenance and transmission in pigs.
RESULTS
Generation and identification of a reverse genetics-generated IA/30 (rgIA/30) virus with novel restriction enzyme sites in each segment An rgIA/30 virus was rescued by an eight-plasmid reverse genetics system and the sequence was confirmed by sequencing. In order to show that the eight individual gene segments contained novel restriction sites, the RNA was amplified by RT-PCR and enzyme digestion analysis was conducted. The results showed that each gene of rgIA/ 30 contained a novel restriction enzyme site when compared with that of the wild-type IA/30 virus. Thus, rgIA/30 could easily be differentiated from Tx/98 virus by restriction enzyme digestion, as demonstrated in Fig. 1 and Table 1 .
Viruses isolated from the primary co-infected pigs
Six 6-week-old pigs were co-infected with the cH1N1 rgIA/ 30 and triple-reasssortant H3N2 Tx/98 SIV viruses. No acute respiratory clinical signs were observed in challenged pigs. Necropsy revealed extensive macroscopic lung lesions (plum-coloured, consolidated areas) in all inoculated pigs at days 3, 5 and 7 post-infection (p.i.). Virus was isolated from each bronchoalveolar lavage fluid (BALF) sample collected from the four pigs necropsied on days 3 and 5 p.i.; no virus was isolated from the two pigs necropsied on day 7 p.i. After performing plaque purification three times, the whole genome of 71 single viruses (about 18 viruses per pig) was characterized by RT-PCR, enzyme digestion and sequencing. Four different subtypes of influenza virus (H1N1, H1N2, H3N1 and H3N2) were identified from the BALF samples of primary co-infected pigs (Table 2) . Two isolates from the 71 single viruses were double-reassortant (human/swine) viruses without the PA and PB2 polymerase genes of the Tx/98 virus that were originally derived from avian influenza viruses. Surprisingly, the major subtype of isolated viruses was rH1N1 (54.9 %, 39/71) and none of the parental H1N1 IA/30 virus was identified from BALF samples of co-infected pigs (Table 2) . H3N1 (11/71) virus comprised 15.5 % of the isolated 71 viruses; H1N2 and the original parental H3N2 viruses each comprised 14.1 % (10/71) and the novel H3N2 (nH3N2) viruses containing internal gene segments from cH1N1 rgIA/30 comprised only 1.4 % (1/71) ( Table 2) . Interestingly, 42.3 % (30/71) of the total isolated viruses (ten rH1N1, six H3N1, four H1N2 and ten H3N2 viruses) contained the TRIG cassette, whilst 18.3 % (13/71) of viruses (eight rH1N1, one H3N1 and four H1N2 viruses) picked up a modified TRIG cassette with the M gene from IA/30 and the other five genes from Tx/98 (Table 3 ). The polymerase complex (avian PA and PB2, human PB1) was found in 70.4 % (50/71) of the total viruses isolated from co-infected pigs' lungs and in all isolated H1N2 and H3N2 viruses except for one H1N2 virus containing swine PA and PB1 genes from the classical IA/30 virus. All isolated H3N2 viruses were identical to the parental Tx/98 virus except for one (nH3N2) containing the NS segment from IA/30. Notably, the majority of the PB2 (97.2 %, 69/71), NP (93.0 %, 66/71), PB1 (81.7 %, 58/71), PA (77.5 %, 55/71) and NS (77.5 %, 55/71) segments of isolated SIVs from BALF samples from co-infected pigs were derived from the contemporary triple-reassortant Tx/98 SIV, whereas the majority of the HA (69.0 %, 49/71) and NA (70.4 %, 50/71) segments were derived from IA/30. The M segment was derived almost equally from both the Tx/98 and IA/30 viruses (Table 4) .
Transmissible viruses detected from primary coinfected and contact pigs
Neither group of contact pigs showed any clinical signs. Necropsy at days 4, 6 and 8 post-contact (p.c.) revealed minimal macroscopic lung lesions in all contact pigs. In the primary co-infected pigs, virus was isolated from nasal swab samples on days 3 and 5 p.i., but not on day 7 p.i. Virus was isolated from nasal swabs and BALF samples of pigs in both contact groups on days 4 and 6 p.c., but no Table 1 . RT-PCR was performed for RNA isolated from rgIA/30 and Tx/98, and the PCR products were incubated with different restriction enzymes as indicated and separated on agarose gels. 
DISCUSSION
Since the first triple-reassortant H3N2 SIV was isolated from US swine populations in 1998, all triple-reassortant SIVs including H1N1, H1N2 and H3N2 subtypes circulating in North American swine herds have contained a similar TRIG cassette (Vincent et al., 2008) . In this reassortment and transmission study, four different subtypes of influenza virus (H3N2, H1N2, H3N1 and H1N1) with different genetic combinations were found in the lungs of pigs co-infected with the triple-reassortant H3N2 Tx/98 and cH1N1 rgIA/30 viruses, providing further evidence that pigs can be a 'mixing vessel' for different subtypes of influenza viruses. In the reassortant viruses from lungs of co-infected pigs, most of the internal genes (PB1, PB2, PA, NP and NS) were from the triplereassortant Tx/98 virus whilst the surface genes (HA and NA) were from the cH1N1 rgIA/30 virus; the M genes were derived almost equally from both initial viruses. Most viruses isolated from the lungs of co-infected pigs had the cH1N1 surface proteins with the original TRIG cassette, confirming that this original TRIG cassette can accept and support different combinations of HA and NA genes, as in the field. Noticeably, some viruses from the lungs of coinfected pigs also contained the modified TRIG cassette with the IA/30 M gene, suggesting that the modified TRIG cassette is also able to accept different HA and NA types. The appearance of the human 2009 pandemic swine-origin H1N1 virus further confirmed this point, as this virus also contains a modified TRIG cassette with the M gene from the Eurasian SIV (Garten et al., 2009) . The significance of the TRIG cassette for virus replication and transmission as well as adaptation between human and swine hosts needs to be investigated in future studies.
The polymerase subunits PB2, PB1 and PA are central to the replication cycle of influenza virus and are required for viral RNA replication and transcription. Viral-like reporter replication (the functional ribonucleoproteins constituted by co-transfecting an expressing viral-like reporter RNA plasmid with four plasmids expressing PB1, PB2, PA and NP into COS-1 cells) was more efficient when PB2 and NP were both derived from the same avian or human virus or when PB1 was derived from an avian virus (Naffakh et al., 2000) . However, current circulating SIVs in North America contain the avian PA and PB2, the human PB1 and the swine NP genes, similar to the pandemic H1N1 virus, and the role of the novel polymerase complex in current SIVs is still not completely understood. In this study, two double-reassortant (human/swine) H1N1 and H3N1 viruses without the avian PA and PB2 polymerase genes were isolated from the lungs of co-infected pigs. However, these viruses were not successfully transmitted from coinfected pigs to contact animals. This result coincides with the finding that the double-reassortant H3N2 virus was initially isolated in one US herd, carrying an HA gene with identical residues in critical receptor-binding regions similar to subsequently isolated triple-reassortant H3N2 viruses, and was subsequently displaced by the triplereassortant H3N2 SIVs (Vincent et al., 2008; Webby et al., 2004) . Currently, the triple-reassortant H3N2 viruses are endemic in US swine herds. This suggests that the introduction of avian PA and PB2 genes is one of the critical factors for the triple-reassortant SIVs becoming well established in pigs (Webby et al., 2000) . In this study, more than 70 % of isolates from the lungs of co-infected pigs contained this novel polymerase complex (avian PA and PB2 and human PB1 genes). This novel polymerase complex is also found in currently circulating triplereassortant SIVs, indicating its importance in virus replication and adaptation; this might explain why the triple-reassortant virus containing the novel polymerase complex successfully spread in the pig population. Previous studies have shown that the current swine viruses in North America appear to have an increased rate of antigenic drift and reassortment and have the ability to evade established herd immunity (Richt et al., 2003; Vincent et al., 2006) due to acquisition of the avian PA and PB2 genes and the human PB1 gene. The exact role of each novel polymerase gene remains unknown and needs to be investigated.
The cH1N1 IA/30 virus generated by reverse genetics (Weingartl et al., 2009) has been shown to have a pathogenicity in pigs similar to the wild-type IA/30 virus (Lekcharoensuk et al., 2005; Vincent et al., 2008) . However, no parental IA/30 virus generated by reverse genetics was found in BALF samples and nasal swabs from co-infected pigs, indicating that the parental triple-reassortant H3N2 viruses found in the lungs of the co-infected animals replicated more efficiently than the parental IA/30 virus. These results confirmed our previous findings that the IA/ 30 virus does not shed efficiently via the noses of pigs when compared with other H1N1 SIVs (Vincent et al., 2008) . The rH1N1 virus levels were fourfold higher in the lungs of co-infected pigs than the other three subtypes (H3N2, H1N2 and H3N1). Eighteen H1N1 isolates contained the TRIG or modified TRIG cassette; however, these triplereassortant H1N1 viruses were not isolated from the nasal swab samples of primary co-infected pigs and from contact animals, and were not successfully transmitted to contact pigs, indicating that the triple-reassortant H1N1 virus did not transmit efficiently among pigs in the presence of other viruses. Although other subtypes of virus containing the same TRIG cassette as the triple-reassortant Tx/98 virus were present in the lungs, only the parental Tx/98 H3N2 virus was transmitted from primary co-infected pigs to two groups of sentinel animals and became established in the contact pigs. The seroconversion data of contact pigs on day 14 p.c. to the Tx/98 virus [haemagglutination titre (HI) titre of 640] vs the IA/30 virus (HI titre of ,20) support the assumption that the Tx/98 virus had a tremendous advantage when replicating in pigs (data not shown). These results indicated that the H3N2 Tx/98 virus has an optimal genetic constellation that contributes to efficient replication and successful transmission among pigs when compared with the IA/30 and other reassortant viruses. If currently circulating cH1N1 virus other than IA/30 had been used in this study, the results may have been different, and not only the parental Tx/98 H3N2 virus but also other viruses may have been transmitted to the sentinel animals. Although the triple-reassortant H1N1, H1N2 and H3N1 subtypes have been isolated from swine herds in the field, in this particular study, the similar subtype viruses containing the TRIG cassette of the Tx/98 virus were not able to transmit efficiently and be maintained in the small groups of pigs in the presence of the H3N2 Tx/98 virus. This finding suggests that a prerequisite for an influenza virus to establish and maintain itself in pigs is the right combination of HA and NA genes as well as the TRIG cassette, which may be reflected in the field situation with North American SIVs. The current pandemic H1N1 virus may be another example -a virus that contains the modified TRIG cassette, the NA from Eurasian swine virus and the HA from the North American triple-reassortant swine virus (Garten et al., 2009) . This virus has infected humans and has been transmitted effectively from humans to pigs and to other species (WHO, 2009), and has caused over 15 000 human deaths worldwide as of February 2010 (WHO, 2010 . The virulence and transmission capacity of this virus suggest that the genetic constellation of the pandemic H1N1 virus is optimal for its effective replication, transmission and adaptation to different hosts. In this study, only the Tx/98 virus was successfully transmitted and established in pigs, even though other subtypes of virus containing a similar TRIG cassette were produced simultaneously. These results indicate that reassortment will occur when pigs are infected with different viruses, but only the virus with an optimal gene constellation will have the opportunity to establish itself in herds under similar selective pressure. Therefore, the old dogma of the pig as a 'mixing vessel' needs to be readdressed. In a scenario where efficient reassortment occurs in the lung, only the fittest virus will be maintained in a pig population. HI assays. Before infection, sera from all experimental pigs were tested by HI assay (Palmer, 1975) . For HI assays, sera were heat inactivated at 56 uC, treated with a 20 % suspension of kaolin (SigmaAldrich) to eliminate non-specific inhibitors, and adsorbed with 0.5 % chicken or turkey red blood cells. To identify each segment of the rgIA/30 virus from the wild-type IA/ 30 and Tx/98 viruses, each gene of the IA/30 virus was engineered to contain an internal unique restriction site as a genetic tag (silent mutation); therefore, universal primers were used in combination with specific internal primers carrying the silent mutations to generate two PCR products for each gene. The full length of each gene segment was amplified utilizing two PCR products as templates with the universal primers (primers are available upon request). The full-length PCR products were cloned into pGEM-T Easy vector (Promega) and confirmed by sequencing. Subsequently, the fulllength PCR products were subcloned into pDZ vector, leading to plasmids pDZ-PB1, -PB2, -PA, -NP, -HA, -NA, -M and -NS (Lekcharoensuk et al., 2005) . pDZ is an ambisense expression plasmid with a human RNA polymerase I promoter transcribing negativesense genomic RNA and a chicken b-actin promoter for expression of the recombinant gene products (Quinlivan et al., 2005) . Viruses were recovered using a mixture of 293T and MDCK cells as described previously (Hoffmann et al., 2000) . Rescued viruses were confirmed by restriction digestion analysis and viral titres were determined by plaque assay on MDCK cells.
METHODS
Reassortment and transmission experiments in pigs. Pigs were obtained from a healthy herd free of SIVs and porcine reproductive and respiratory syndrome virus. All animal experiments were conducted in compliance with the Institutional Animal Care and Use Committee of the National Animal Disease Center (IA, USA). The inoculation protocol has been described elsewhere (Richt et al., 2003) . Six 6-week-old crossbred pigs were co-inoculated intratracheally with 10 6 p.f.u. per pig of the egg-derived H1N1 rgIA/30 and 10 6 p.f.u. per pig of the egg-derived triple-reassortant H3N2 Tx/98 SIVs. Two pigs were euthanized on each of days 3, 5 and 7 p.i. On day 3 p.i., eight pigs (contact group 1) were co-housed with the infected pigs. The last two pigs from the co-infected group and two pigs from contact group 1 were euthanized at day 7 p.i. (4 days p.c. for contact group 1). The remaining six pigs from contact group 1 were moved to a new biocontainment room, which housed another eight pigs (contact group 2). Two pigs from contact group 1 were euthanized on days 6, 8 and 14 p.c. Likewise, two pigs from contact group 2 were euthanized on days 4, 6, 8 and 14 p.c. All infected and contact pigs were bled, and nasal swab and BALF samples were collected for further experiments.
Identification of the genetic component of viruses isolated from BALF and nasal swabs. Each BALF sample from co-infected pigs was serially diluted tenfold and inoculated onto a monolayer of MDCK cells grown in six-well plates. Single plaques with different sizes were randomly selected (approx. 18 plaques per BALF sample) and plaque purification was performed three times in order to purify the virus. The purified viruses were amplified either in cell culture or in 10-day-old chicken embryonated eggs and RNA was extracted from the supernatant or allantoic fluid for RT-PCR. All eight viral segments of each virus were characterized by restriction enzyme digestion, or by sequencing if necessary. To detect the viruses transmitted from the primary co-infected pigs to contact pigs and among the contact pigs, general (whole-sample) and individual (single-plaque) analysis of the viral gene component was conducted for the nasal swabs from all experimental pigs and the BALF samples from contact animals. For general analysis, all nasal swab samples were amplified directly and RNA was extracted from the amplified samples and BALF. An RT-PCR was conducted to amplify each segment and PCR products were characterized by restriction enzyme digestion and sequencing. For individual analysis, a single virion was plaque purified three times from the amplified nasal swabs (approx. ten plaques per nasal swab) and BALFs (approx. ten plaques per BALF sample), and then each segment of the viral genome was amplified and characterized by restriction enzyme digestion and sequencing as the general analysis. All gene segments of transmissible viruses were compared with those of the parental viruses and the viruses isolated from co-infected pigs. This allowed us to determine the genetic components of successfully transmissible viruses.
